A brief review of neutrino anomalies in particle physics and of the role played by neutrinos in cosmology and astrophysics is presented. The main part of the talk is dedicated to the impact of neutrinos and in particular of neutrino oscillations on BBN and to a possible spatial variation of primordial abundances.
elements, necessary for life, are produced in SN explosions, one may say that life itself strongly depends upon existence of neutrinos. Due to their large penetrating ability neutrinos comes out from the deep stellar interior and could give information about processes in stellar cores. Neutrino telescopes will open (in fact have already opened) a new window in astronomy. Observation of solar neutrinos created serious puzzles that most possibly could be resolved by new phenomena in particle physics (neutrino oscillations) or by something unexpected (really drastically) in solar astrophysics.
In cosmology, neutrinos have strong impact on Big Bang Nucleosynthesis (BBN) and thus determine chemistry of the universe. They could even create chemically inhomogeneous, though energetically smooth, universe. Neutrinos may participate in formation of the large scale structure of the universe, making hot, warm and possibly self-interacting dark matter. Detailed mapping of the large scale structure will permit to measure neutrino mass with the accuracy better than 1 eV. Massive or massless, neutrinos have a noticeable impact on the angular spectrum of cosmic microwave background radiation (CMB) and the future missions, MAP and especially Planck, will determine the number of light species in the universe and measure their masses.
What do we know about neutrinos.
In the standard model neutrinos possess only weak (and of course gravitational) interactions. Anomalous, even stronger than weak, interactions are not excluded but only between neutrinos and/or some other new not yet discovered particles. Neutrinos are coupled to the intermediate bosons according to: W + → ν l l + (l = e, µ, τ ) and
Measurement of the decay width of Z 0 permitted to conclude that the total number of different neutrino species is N ν = 3.07 ± 0.12, while the combined fit to LEP data gives the more accurate result, N ν = 2.994 ± 0.01 (for this and other limits below see Particle Data Group, 1998).
Electric charge of neutrinos are believed to be exactly zero, while magnetic moment should be non-vanishing. Direct measurements give the upper bounds: µ νe < 1.8 ·
10
−10 µ B , µ νµ < 7 · 10 −10 µ B , µ νe < 6 · 10 −7 µ B , where µ B is the Bohr magneton. Studies of the stellar cooling rate permit to obtain much stronger limit: µ ν < 3 · 10 −12 µ B (see e.g. Raffelt, 1996) . These results are are about 10 orders of magnitude above the standard theoretical expectations, but in some extensions of MSM µ ν might be large.
Neutrinos may be massless, but there is no theoretical principle that requests the vanishing of m ν , so it is natural to expect that m ν = 0. All direct experiments are compatible with m ν = 0 but with a quite different level of precision: m νe < 3 eV, From the absence of the double beta-decay of heavy nuclei one can conclude that
Leptonic charge is conserved in all observed up to now reactions, however it is not excluded that it may be strongly non-conserved in neutrino oscillations. The hypothesis that neutrinos might oscillate was proposed in 1957 by B. Pontecorvo and its verification now presents a major challenge in experimental particle physics.
Oscillation is a generic phenomenon if neutrinos are massive. Indeed, mass eigenstates normally do not coincide with the interaction eigenstates because the mechanism of mass generation does not know anything about gauge interactions with W and Z.
Thus for example the electronic neutrino, i.e. the one that coupled to electrons through W ↔ ν e e could be a superposition of two mass eigenstates:
and e.g. ν µ is the orthogonal combination of ν 1,2 . The mixing may be more complicated and include all three active neutrinos, ν e , ν µ , and ν τ . Moreover new sterile neutrinos, ν s , may be involved. If all existing data on neutrino anomalies are correct (see below) and the anomalies are explained by the oscillations, sterile neutrinos seem to be necessary.
A very interesting effect may take place in neutrino oscillations in inhomogeneous or non-stationary matter, e.g. in stellar interior or in primeval cosmic plasma. Though neutrinos very weakly interact with matter, their refraction index is still different from unity. And if the mass difference is sufficiently small, the matter effects could be significant and in particular a resonance transition between neutrino flavors could be possible (Miheev and Smirnov, 1985; Wolfenstein, 1978) . In this case, even for a very small mixing angle in vacuum, the mixing in matter could be of order unity.
Neutrino anomalies
The following phenomena in neutrino physics do not fit the MSM expectations: Direct observation of neutrino oscillations (LSND, 1998): ν µ produced by the decay π → µ + ν µ induce the reactions ν + C → e − + X, i.e. electronic neutrinos were generated by muonic ones: ν µ → ν e .
KARMEN anomaly (1995, 1999) : neutrinos produced by pion decay at rest were registered at a certain distance behind a shield. The moment of the pion production was well fixed. The time distribution of the events should follow the pion decay exponent. However a considerable excess of the events was observed. This excess can be explained by a production of a heavy (m = 33.9 MeV) sterile neutrino that slowly propagated to the detector and decayed there (Barger et al, 1995) . This interpretation however meets serious problems with cosmology and astrophysics (Dolgov et al, 2000a ).
Cosmological limits on neutrino mass
Cosmology permits to put strong limits on neutrino mass. 
where h 100 = H/100 km/sec/Mpc ≈ 0.65 and Ω ν = ρ ν /ρ c . Definitely Ω ν < 1 and thus m ν < 40 eV. However, neutrinos cannot dominate the energy density of the universe, otherwise the structure formation at large z (at early time) would be sup- are more sensitive to the asymmetry in the sector of electronic neutrinos because the latter directly influence the n/p-transformation through the reactions n + ν e ↔ p + e − and n + e + ↔ν e + p, while ν µ and ν τ effect the cooling rate only.
Neutrino spectrum. It is assumed normally that ν e participating in n ↔ p- resolved at large distances. One can observe only galaxies and it is difficult to say, if one sees an unusually blue or red galaxy, whether the effect is attributed to an abnormal helium content or to galaxy evolution. Detailed calculations of stellar evolution with high and low initial helium-4 are necessary. For more discussion see the papers by Dolgov and Pagel (1999) and by Dolgov (1999) .
Possibly more promising is a search for the variation of helium through the angular spectrum of CMB. The model predicts some peculiar features in CMB angular fluctuations both at high and low angular scales. Especially interesting is the decay of the fluctuations related to diffusion (or Silk) damping (Silk, 1968) . The diffusion rate depends upon the number density of electrons prior to hydrogen recombination.
In the region with high 4 He the number of electrons is smaller because helium recombined earlier and took some electrons from the plasma. Thus, the damping in such regions would be stronger. In the regions with low helium the effect is the opposite (Hu et al, 1995) . According to the calculations made by P. Naselsky, RATAN-600 is sensitive enough to observe the effect at l ∼ a few · 10 3 . Planck could observe the effect if additional information about the position of poor or rich regions is known.
The effect is rather striking: the slope of the angular spectrum of CMB would be very different at different directions on the sky.
Neutrino oscillations in the early universe and BBN
Neutrino oscillations in the early universe differ from those in stellar interior by two important features: 1) neutrinos may change the medium by back reaction from the oscillations; 2) the loss of coherence is essential and the density matrix formalism should be employed (Dolgov, 1981; Sigl and Raffelt, 1993) . The situation is somewhat simpler in the non-resonance case but still there is a disagreement between the first paper by Barbieri and Dolgov (1990) and all the subsequent ones. While in the first paper it was assumed that the probability of sterile neutrino production is proportional to the inverse annihilation rate of active neutrinos, in the other ones it was argued that the breaking of coherence was determined by the total reaction rate (which is approximately 10 time larger) and this rate must determine the production of ν s . The problem was reconsidered recently by Dolgov (2000) and it was shown that the annihilation rate plays a decisive role in production of ν s in accordance with conjecture of Dolgov and Barbieri (1990) .
A resolution of this issues is essential for derivation of BBN bounds on oscillation parameters. According to Dolgov (2000c) the limits are:
The last result should be somewhat stronger because electronic neutrinos effect the BBN not only producing a sterile partner but also through their spectrum. Numerical calculations of the last effect were done by Chizhov (1997, 1998a ,b) for small δm 2 ≤ 10 −7 eV 2 . As is argued by Dolgov (2000c) for a larger δm 2 the ν e spectrum remains of thermal form but with a non-zero chemical potential. Its impact on n/p-ratio permits to exclude mixing of ν e with ν s to the region:
for all δm 2 > 5 · 10 −6 eV 2 . BBN limits may essentially reduce the permitted parameter space for the oscillations and more work is necessary to resolve the existing controversies.
